Electron Cryotomography of Bacterial Secretion Systems by Oikonomou, Catherine M. & Jensen, Grant J.
Downloaded from www.asmscience.org by
IP:  131.215.71.192
On: Mon, 15 Apr 2019 15:49:12
Electron Cryotomography of
Bacterial Secretion Systems
CATHERINE M. OIKONOMOU1 and GRANT J. JENSEN1,2
1Department of Biology and Biological Engineering, California Institute of Technology, Pasadena, CA 91125;
2Howard Hughes Medical Institute, Pasadena, CA 91125
ABSTRACT In biology, function arises from form. For bacterial
secretion systems, which often span two membranes, avidly
bind to the cell wall, and contain hundreds of individual proteins,
studying form is a daunting task, made possible by electron
cryotomography (ECT). ECT is the highest-resolution imaging
technique currently available to visualize unique objects inside
cells, providing a three-dimensional view of the shapes and
locations of large macromolecular complexes in their native
environment. Over the past 15 years, ECT has contributed to
the study of bacterial secretion systems in two main ways:
by revealing intact forms for the ﬁrst time and by mapping
components into these forms. Here we highlight some of
these contributions, revealing structural convergence in type II
secretion systems, structural divergence in type III secretion
systems, unexpected structures in type IV secretion systems, and
unexpected mechanisms in types V and VI secretion systems.
Together, they oﬀer a glimpse into a world of fantastic forms—
nanoscale rotors, needles, pumps, and dart guns—much of
which remains to be explored.
INTRODUCTION
The envelope of bacterial cells consists of at least one—
and often two—membranes, a cell wall, and possibly a
surface layer. This envelope allows cells to differentiate
themselves from their environment and handle the re-
sulting osmotic pressure, but it also presents a signiﬁcant
obstacle. Anything a cell wishes to export, from a mo-
tility appendage to a plasmid, needs to be ushered across
this barrier. To accomplish this, bacteria have evolved
a battery of secretion systems. Secretion systems are often
constructed from dozens of protein building blocks em-
bedded in the cell’s envelope. The size, complexity, and
location of these machines make them a particular
challenge for structural characterization. High-resolution
structure determination techniques such as X-ray crys-
tallography and transmission electronmicroscopy (TEM)-
based single-particle reconstruction (SPR) require objects
to be puriﬁed from their cellular environment. This is
problematic for membrane-associated proteins, which
embed in the lipid bilayer by means of exposed hydro-
phobic patches. These patches can be protected during
puriﬁcation by adding detergents to the solvent, but
often structural alterations still occur. Secretion systems
are also unusually large targets and frequently lose pe-
ripheral or loosely-associated components during puri-
ﬁcation. In addition, they often cross two membranes
and are avidly linked to the cell wall.
Before the advent of electron cryotomography (ECT),
we knew an impressive amount about what secretion
systems are made of; genetics revealed components, bio-
chemistry revealed their properties, and X-ray crystallog-
raphy and SPR revealed the structures of puriﬁed pieces.
But we knew much less about how the pieces ﬁt together
into a functional whole. For that, we turned to a com-
plementary technique: ECT. While other techniques re-
veal structural details of puriﬁed components, ECT can be
applied directly to intact cells. Brieﬂy, a small volume of
bacterial culture is applied to an EM support grid. This
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grid is then plunged into a cryogen that freezes the sam-
ple so quickly that the water cannot crystallize, instead
remaining amorphous. The cells are thereby immobi-
lized in a fully hydrated, native state. This frozen sample
is then transferred to the TEM for cryo-EM imaging.
A three-dimensional reconstruction of a cell is built up
from two-dimensional projection images taken from dif-
ferent angles, accomplished by rotating the sample be-
tween images. This reconstruction, or tomogram, shows
a snapshot of the contents of the cell without ﬁxatives
or stains, typically with a mid-range resolution (∼5 nm)
sufﬁcient to see the shapes of large macromolecular
complexes like secretion systems and their abundance and
distribution in the cell. This can be particularly powerful
for machines that exist in multiple states in vivo, only one
of which may persist through puriﬁcation. Images of dif-
ferent copies of the same structure, in the same cell or from
many cells, can be merged by subtomogram averaging to
generate a higher signal-to-noise view of the structure’s
inﬂexible regions (ﬂexible or variable regions get washed
out in the average, along with density from nearby but
unassociated proteins) (1). While the resolution of these
averages is still too low to unambiguously orient atomic
structures, in ideal cases, we can combine the information
ECT provides about the form(s) of a structure in situwith
high-resolution knowledge about its isolated components
from complementary structural biology techniques.
ECT has served the study of bacterial secretion sys-
tems in two main ways: ﬁrst, by simply showing what
structures look like inside cells, and second, by revealing
the relative arrangement of building blocks within those
structures. This has provided some spectacular glimpses
into how form is transformed into function, which in
some cases have dramatically advanced ﬁelds of re-
search. Here we brieﬂy highlight some examples of these
insights into bacterial secretion systems provided by
ECT; the biology of the systems is detailed elsewhere.
For recent, in-depth reviews of the subject, including
both ECT and SPR, we recommend references 2 and 3.
In addition, reference 4 provides an excellent overview
of the diversity of bacterial secretion systems.
TYPE II SECRETION SYSTEMS
Capturing snapshots of cellular machinery in different
states can often yield insights into how it works. For in-
stance, ECT of the type IVa pilus (T4aP)—a type II se-
cretion system (T2SS)-related machine that extends and
retracts a long extracellular pilus for motility—showed
that the structure comprises a series of stacked rings
spanning the periplasm (Fig. 1A) (5). Imaging structures
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with and without pili assembled revealed how these rings
undergo an ∼3-nm rearrangement to ungate the channel
and allow the assembling ﬁlament to extend out of the cell
(5, 6).
For the T4aP, the high-resolution structures of many
components had been solved, and biochemical interac-
tions between many components had been worked out
(7–28). Still, how the pieces ﬁt together was a puzzle. To
solve it, we applied ECT to a series of mutant strains
in which T4aP components were deleted or tagged with
additional protein density. By looking for correspond-
ing absences or additions in the structure, we deduced
the approximate locations of the components. Guided
by clues from biochemical studies, we could thus place
each high-resolution three-dimensional puzzle piece in
its proper location (Fig. 1A) (6). Knowing where dif-
ferent pieces lie in the ﬁnished form often gives clues
about how they might function. For instance, we saw
that the ATPase in the cytoplasm was leveraged by a
clamp connected to the integrated system of rings. This
likely allows the assembly ATPase to rotate an adapter
protein in the inner membrane (IM) to scoop pilin sub-
units from the membrane into the assembling pilus.
Switching to a retraction mode, the clamp recruits a
different ATPase to release subunits back into the IM.
The signal for this switch from extension to retraction is
likely sensed by a ring in the periplasm and transmitted
through coiled-coil domains to the ATPase clamp (6).
Often, knowing the map of one structure has a domino
effect, triggering insights into other, related machines.
ECT of the type IVb pilus (T4bP) revealed a structure
strikingly similar to that of the T4aP despite the fact that
only half its components have homologs in the T4aP
(Fig. 1B) (29). For instance, a ring in the periplasm thought
to act as a sensor in the T4aP is also present in the T4bP,
but it is formed by an unrelated protein. Another member
of the family, the pathogenic T2SS, does not assemble a
long extracellular pilus ﬁlament but rather pumps out ef-
fector proteins (30). Again, ECT mapping found the same
ring, again formed by a nonconserved protein (Fig. 1C). In
this case, the ringwas ﬂexible with respect to the rest of the
machine, suggesting a possible role in loading cargo (31).
TYPE III SECRETION SYSTEMS
The ﬁrst secretion system studied by ECT was the type III
secretion system (T3SS)-based ﬂagellar motor, responsi-
ble for assembling, and subsequently rotating, the long
ﬂagellar ﬁlaments that propel the motility of many bac-
terial cells (32). The ﬂagellar motor had been a subject
of fascination for decades, and elements of its mechanism
(33) and components (34) were well understood. Nu-
merous EM studies, including SPR, of puriﬁed motors
had revealed its core structure (for examples, see refer-
ences 35 to 40). Still, key details remained unresolved,
including the structure of the export complex in the cy-
toplasm responsible for assembling the machine and the
interaction between the rotating (rotor) and stationary
(stator) portions of the motor. ECT studies were able to
reveal the interactions between these components, as well
FIGURE 2 T3SS. ECT and subtomogram averaging revealed the in situ structures of di-
verse T3SSs, including the ﬂagellar motors of many bacteria (three examples, from Sal-
monella enterica, Vibrio ﬁscheri, and Campylobacter jejuni) (A) and the injectisome from
Salmonella Typhimurium (B). Structures shown from left to right: EMD-3154, EMD-3155,
and EBD-3150 from reference 45 and EMD-2667 from reference 52.
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as the structure and location of peripheral components
lost upon puriﬁcation, such as the export apparatus (32,
41–43).
One of the most striking observations that came from
studying ﬂagellar motors in situ was how their form is
adapted to the lifestyles of different species (Fig. 2A)
(44). For instance, homologous components come to-
gether in different stoichiometries to form rings of dif-
ferent diameters, allowing the motor to gear up or down
and generate different amounts of torque (32, 45–47).
Some species (particularly pathogens) have elaborated
their motors with additional components, perhaps to
stabilize them against the increased load of more viscous
environments (48) or to keep their associated ﬁlaments
sheathed in membrane (49).
Pathogenic bacteria like Yersinia and Salmonella use
a different T3SS to assemble, instead of a motility ap-
paratus, a needle-like injectisome to deliver effector pro-
teins not only across the bacterium’s envelope but also
further past the membrane of a target host cell (50).
Injectisomes and ﬂagellar motors are constructed from
homologous components but serve strikingly different
functions (Fig. 2B) (51). In an example of how seeing the
shapes of machines in situ can provide clues about how
they work, ECT revealed how the export apparatus—
also known as the sorting complex—differs from that
of the ﬂagellar motor, with subunits forming no longer
a wide rotary ring but rather radial spokes better suited
to recognize and feed diverse effector proteins to the
central export channel (52). Comparing ECT images of
injectisomes in vivo with and without the sorting com-
plex showed how the radial symmetry induces a dra-
matic rearrangement of a ring at the base of the needle
(53). Even inside the cell, the sorting complex is frag-
ile; deletion of individual components often disrupts the
whole complex (53, 54). These pieces can, however, be
functionally tagged with additional protein density, which
allowed them to be mapped by ECT. Knowing where
components are located, and in what orientation, often
provides important clues about how the system works.
For instance, seeing that the substrate/chaperone-binding
domain of the ATPase sits adjacent to the export gate
suggests that the cage of the sorting complex forms an
antechamber in which substrates are prepared for se-
cretion (53).
Recently, ECT was used to capture the interaction of
Salmonella enterica serovar Typhimurium injectisomes
with host cells, revealing the translocon pore at the
tip of the complex in the host membrane and support-
ing a model of direct injection of substrates across the
host membrane (55). The translocon was much smaller
FI
G
U
R
E
3
T
4
SS
.
(A
)
E
C
T
re
ve
al
e
d
th
e
in
si
tu
st
ru
ct
u
re
o
f
th
e
Le
g
io
n
e
lla
p
n
e
u
m
o
p
h
ila
D
o
t/
Ic
m
T
4
SS
,
in
cl
u
d
in
g
a
ce
n
tr
al
ch
an
n
e
l
e
xt
e
n
d
in
g
fr
o
m
th
e
in
n
e
r
m
e
m
b
ra
n
e
,a
n
d
e
n
ab
le
d
co
m
p
o
n
e
n
ts
to
b
e
p
la
ce
d
in
th
e
m
ap
.(
B
)I
t
al
so
re
ve
al
e
d
th
e
si
m
ila
r
st
ru
ct
u
re
o
ft
h
e
H
el
ic
o
b
ac
te
r
p
yl
o
ri
ca
g
T
4
SS
(in
se
t)
,a
s
w
e
ll
as
n
o
ve
l,
re
la
te
d
O
M
tu
b
e
s.
Im
ag
e
s
ar
e
re
p
ri
n
te
d
fr
o
m
th
e
fo
llo
w
in
g
w
it
h
p
e
rm
is
si
o
n
:
p
an
e
lA
,r
ef
e
re
n
ce
6
0
(b
u
t
se
e
al
so
re
fe
re
n
ce
5
9
);
p
an
el
B
,r
ef
er
en
ce
6
1.
4 ASMscience.org/MicrobiolSpectrum
Oikonomou and Jensen
Downloaded from www.asmscience.org by
IP:  131.215.71.192
On: Mon, 15 Apr 2019 15:49:12
(∼13.5-nm outer diameter) than a homologous structure
from enteropathogenic Escherichia coli (EPEC) previ-
ously reconstituted in liposomes (∼55 to 65 nm) (56),
underscoring the importance of studying secretion sys-
tems in situ.
TYPE IV SECRETION SYSTEMS
Attempting to purify structures out of the cell often leads
to confounding alterations. For instance, SPR structures
of puriﬁed type IV secretion systems (T4SSs) showed a
chamber adjacent to the outer membrane (OM), con-
nected to the IM by a solid stalk, suggesting that sub-
strates enter the outer chamber from the periplasm (57,
58). It was therefore a surprise when ECT structures
of the Dot/Icm T4SS in situ revealed instead an open
channel extending through the periplasm (Fig. 3A) (59,
60). This feature, together with observations of complex
assemblies of multiple ATPases in the cytoplasm and
ﬂexible “wings” in the periplasm (59–61), suggests that
there might be two paths by which substrates could pass
through the Dot/Icm T4SS: one through the central chan-
nel from the cytoplasm and one laterally into the outer
chamber from the periplasm (60). This could help ex-
plain how the system can export such a spectacular num-
ber (∼300) of discrete effectors (62).
Putting structures in context inside the cell can an-
swer many questions, but it often raises more. ECT im-
ages of the cag T4SS in Helicobacter pylori showed
periplasmic machines structurally very similar to the Dot/
Icm T4SS. Next to them, however, we sometimes saw
wide (∼40-nm) OM tubes, studded with portals, extend-
ing outward up to 500 nm from the cell (Fig. 3B) (61). The
two structures appear to be related, but how, and what
FIGURE 4 T5SS. ECT revealed the stick-like form of the Escherichia coli CDI T5SS (A)
(arrows) and helped elucidate its mechanism, in which half of CdiA extends out from the
cell surface (B). Upon target binding, the remaining half of CdiA is exported to deliver the
toxin to the target cell. Images reprinted with permission from reference 66.
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the resulting mechanism of effector secretion might be,
remains puzzling.
TYPE V SECRETION SYSTEMS
Sometimes, even seeing something as simple as a stick can
be illuminating. Many bacteria kill nearby cells through
the process of contact-dependent inhibition (CDI). In
E. coli this process is mediated by a type V secretion sys-
tem (T5SS) comprising two proteins: (i) CdiB, a β-barrel
in the OM that secretes (ii) CdiA, a large multidomain
protein containing the toxin (63). It was known that
toxin translocation is mediated by interaction of CdiA
with a receptor, BamA, on the target cell (64), but the
mechanism was unknown. Using ECT, we saw that
CdiA forms rods extending out from the surface of the
cell (Fig. 4A), but the length of the rod was only half that
predicted for the protein. This explained why the re-
ceptor recognition domain is located in the middle of the
protein (65) and helped elucidate a novel mechanism
whereby CdiB initially secretes only the N-terminal half
of CdiA, which forms a structured rod. The rest of the
protein, including the C-terminal toxin, remains seques-
tered in the periplasm; target binding at the end of the rod
stimulates secretion to continue, bringing the toxin-laden
tip out of the periplasm and, like a tetherball, into the
target cell (Fig. 4B) (66).
TYPE VI SECRETION SYSTEMS
In 2005, our group observed tubular structures in
cryotomograms of Vibrio cholerae (Fig. 5A) but did not
know what they were until, with John Mekalanos, we
recognized them as type VI secretion systems (T6SS),
FIGURE 5 T6SS. ECT revealed the contractile mechanism of the T6SS (A) and its struc-
ture in situ in Myxococcus xanthus (B). It also revealed higher-order arrays of T6SS in
Amoebophilus asiaticus (C) and a T6SS-related metamorphosis-associated contractile
structure (MAC) in Pseudoalteromonas luteoviolacea (D). Images are reprinted from the
following with permission: panels A and B, reference 70; panel D, reference 72.
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which allow some bacteria to kill others from different
species (67). Our cryotomograms immediately revealed
the basic mechanism: two nested tubes, a sheath and a
rod, function as a nanoscale dart gun (68; also recog-
nized in reference 69). Firing entails a constriction in the
outer sheath, providing the energy to propel the inner
rod, loaded with toxin, through the machine’s base-
plate in the cell’s own envelope and then through the
membrane of a neighboring target (68). Subsequent
ECT studies revealed additional details, including the
structure of the baseplate (Fig. 5B) (70, 71) and higher-
resolution details of the sheath that showed how its con-
traction may expose recycling domains, allowing it to be
disassembled into the building blocks of another T6SS
(70). We showed that T6SS assemble extensive batteries
in some species (Fig. 5C) and that other cells lyse to re-
lease micrometer-scale porcupine arrays of T6SS-related
structures (Fig. 5D) (72). Some details remain mysterious:
could the extracellular ﬁbers associated with T6SS in vivo
(70) mediate target recognition?
OUTLOOK
Much work lies ahead. As described above, the machines
we have managed to glimpse inside cells, or even map in
detail, still hold many mysteries. In addition, systems
studied in one species need to be compared across others;
as the T3SS ﬂagellar motor showed, they can be strik-
ingly diverse. Some machines, including the type I, VII,
VIII, and IX secretion systems, have yet to be seen at all
in vivo. Others, including the T2SS and T4SS, have been
observed only in an inactive state, and it is now of great
interest to see their active forms. In some cases, this will
require capturing pathogens interacting with their hosts,
samples too thick for direct imaging by ECT. The de-
veloping application of focused ion beam (FIB) milling to
thin such biological samples should soon open up even
these targets for observation (73).
The study of bacterial secretion systems has always
been intricately linked to the development of ECT tech-
nology. ECT requires highly specialized, expensive equip-
ment and considerable expertise. As a result, the studies
we have described here come from only a handful of labs.
Fortunately, secretion systems have proven to be won-
derful test beds for pioneering new ECT technology. Our
subtomogram average of the ﬂagellar motor was one
of the ﬁrst subtomogram averages (32). Our subsequent
comparison of ﬂagellar motors in different species was
the result of establishing a pipeline to collect many (∼40)
datasets per day (44). Our dissection of the T4aP by
imaging strains with green ﬂuorescent protein tags was
the ﬁrst to demonstrate that approach (6). The Pilhofer
lab’s cryo-FIB milling of bacterial cells to study the T6SS
was one of the ﬁrst examples of that application (74). No
doubt more discoveries about these fascinating nano-
machines will come from continuing development of
ECT.
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